AND CONCLUSIONS
INTRODUCTION
Primary sensory neurons that innervate the limbs and trunk have their cell soma in the dorsal root ganglia (DRGs). The soma provides metabolic support for the axon and its sensory ending. However, in view of the virtual absence of synaptic contacts in DRGs (Kayahara et al. 198 1; Lieberman 1976 )) the soma is not classically thought to have a functional role in sensory processing (Lieberman 1976) .
Two recent experimental observations herald the need for a revision of the concept that DRG neurons are electrically silent metabolic depots. First, it has been reported that trains of propagating impulses are generated upon gentle mechanical stimulation of DRGs, and that some DRG neurons fire spontaneously. This ectopic activity is exacerbated by prior complete or partial nerve injury (Burchiel 1984; De Santis and Duckworth 1982; Howe et al. 1977; Kajander et al. 1992; Kirk 1974; Wall and Devor 1983) . Second, it has been shown that neighboring DRG neurons may interact with one another nonsynaptically. That is, activity evoked in one group of neurons is able to evoke, or alter, activity in passive neighbors (Devor and Wall 1990; Utzschneider et al. 1992) . Is the ectopic impulse activity that originates in DRGs influenced by other factors?
Like virtually all peripheral tissues, DRGs are served by postganglionic sympathetic efferent neurons. Most sympathetic endings innervate local blood vessels, and their presumed role is to regulate vascular flow. A few, however, appear to end in relation to neuronal somata (Kummer et al. 1990; Lukas et al. 1970; McLachlan et al. 1993; Owman and Santini 1966; Quigg et al. 1990; Ru et al. 1990; Stevens et al. 1983 ) . In light of the new evidence for spike electrogenesis in DRGs, we asked whether activity in sympathetic efferents serving the DRG might affect this ectopic discharge source and hence have consequences for sensation.
There are precedents in the literature for sympatheticsensory coupling in both normal tissue and in pathology. For example, in several types of afferent endings, sympathetic fibers have been traced to the near vicinity of the ending, and in a few cases they have been shown to enter corpuscular terminals in near apposition to the afferent. Activation of such sympathetic fibers can modulate the response of afferent endings to applied stimuli, although the influence is slight and probably of only minor functional importance in vivo (Janig and Koltzenburg 199 1, 1992; Santini 1976) .
In the event of tissue or nerve injury sympathetic-sensory coupling is greatly enhanced and takes on a significant role in sensory pathophysiology. For example, it has been shown that sensory axons that end in traumatized skin, in nerve-end neuromas, and in axotomized DRGs may be affected by topical or systemic application of adrenergic agonists (Burchiel 1984; Devor and Jar-rig 198 1; Habler et al. 1987; Korenman and Devor 198 1; Sato and Per1 199 1; Scadding 198 1; Wall and Gutnick 1974) . Correspondingly, ectopic firing in injured axons may be altered by electrical stimulation of the sympathetic trunk (Devor and Janig 198 1; Habler et al. 1987; Korenman and Devor 198 1) . These influences are thought to be an important aggravating factor in patients with sympathetic reflex dystrophy and other sympathetically related chronic neuropathic pain states (Janig 1992; Janig and Schmidt 1992) . Sympathetic activation, circulating adrenaline, or the topical application of adrenergic agonists may exacerbate pain in these conditions, whereas sympathetic block or sympathectomy may relieve it (Arner 199 1; Bonica 1990; Chabal et al. 1992 ; Davis et al. 199 1; Hannington-Kiff 1974; Raja et al. 199 1; Walker and Nulsen 1948; Wallin et al. 1976; White and Sweet 1969) .
In the present study we report a novel mode by which the sympathetic nervous system can induce activity in primary afferent neurons. Specifically, we report that sympathetic efferent stimulation can modulate the activity of afferent neurons that is generated ectopically in the DRG in nerveinjured rats. McLachlan et al. ( 1993) have recently demonstrated that, after nerve injury, the sympathetic noradrenergic fibers that invest blood vessels in the DRG sprout to form an augmented population of basketlike structures around large-diameter neuronal somata. This sprouting is expected to increase the extent of sympathetic-sensory coupling. Such coupling may also be enhanced by the intrinsic hyperexcitability of the neurons that develops in the wake of the nerve injury (Devor and Wall 1990; Titmus and Faber 1990) . As in other peripheral tissues, sympatheticsensory interactions appear to be mediated by a-adrenoreceptors. The finding of sympathetic-sensory coupling in DRGs of nerve-injured animals provides a previously unsuspected substrate for sympathetic involvement in neuropathic sensory dysfunction.
METHODS

Surgical preparation
Data were obtained from experiments on 15 adult male rats of the Wistar-derived Sabra strain ( 330-600 g) . The animals were subjected to a preliminary surgical procedure in which the sciatic nerve was chronically injured. With the rat under pentobarbital sodium (Nembutal) anesthesia (50 mg/ kg ip) and with aseptic precautions taken, the left sciatic nerve was exposed in the lower part of the popliteal fossa. The nerve was tightly ligated with 5-O silk, cut just distal to the ligature, and -5 mm of the distal stump was excised. The incision was then closed in layers, and antibiotics were administered prophylactically (topical Vulnopyranil and penicillin 50 ku/kg ip). Recovery was uneventful. Autotomy, which in this rat strain does not normally begin until 3 wk after nerve cut, was not observed. After 4-22 days the rats were anesthetized (Nembutal 50 mg/kg ip, then ~20 mg . kg-' l h-' as needed) and prepared for acute electrophysiological recording. The carotid artery and the trachea were cannulated, a thermistor was placed in the hindgut, and the animal was mounted prone with legs in extension in a spinal frame (Narishige).
The animals were paralyzed with Flaxedil ( 10 mg/ kg ia) and artificially respirated. Arterial pressure, heart rate, electrocardiogram (ECG), endotracheal pCO,, and core temperature ( 37°C) were monitored and maintained within normal limits. The left sciatic nerve was then exposed in the upper part of the popliteal fossa and spinal roots L,-T,, were exposed in a lumbosacral laminectomy.
Exposed neural tissue was covered with warmed (35°C) mineral oil in wells formed by skin and muscle edges.
Stimulation and recording
Dorsal roots ( DRs) L, and L,, and often the corresponding ventral roots (VRs) as well, were cut near the root entry zone. The peripheral cut end of the DRs, together or individually, were placed on a pair of Ag/ AgCl stimulating hook electrodes (designated electrode Sl, Fig. 1 ) , and likewise for the T13 and L, VRs (designated electrode S3, Fig. 1 ) or occasionally the T 12 and T 13, or L, and L, VRs (not in Fig. 1 ). An additional electrode pair (S2, Fig. 1 ) was placed across the sciatic nerve, -8 mm central to the ligature, and separated from the underlying muscle bed with a small piece of waxed film (Parafilm).
About 20 mm central to the S2 electrode, the perineurial sheath was opened. Fine bundles (microfilaments) containing one or a few axons were teased from the nerve with the use of specially honed forceps (Dumont #5 ) . The distal cut end of these microfilaments was placed on a single Ag/AgCl recording electrode, which was referenced to a nearby indifferent electrode for differential cut-end recording (R 1, Fig. 1) . Proximally, the microfilaments were in continuity with the DRG and the S 1 DR stimulating electrode.
Excitation of postganglionic neurons elicited by S3 stimulation was monitored in two ways. First, in most experiments, a branch of the biceps femoris nerve was separated, cut peripherally, and placed on a second pair of recording electrodes (R2 in Fig. 1) . Single pulse or repetitive stimulation of the VRs via electrode S3 elicited postganglionic volleys in this nerve branch (top and bottom records in Fig. 2 ). Second, stimulation-evoked activity was recorded from postganglionic axons in the microfilaments isolated from the sciatic nerve (middle record in Fig. 2 ).
Experimental procedure
We began by sampling microfilaments until one was found that contained one or more well-isolated and easily discriminable axons with ongoing activity ( 1.6 t 0.8 active axons per microfilament, mean t SD; range l-4). Discrimination was based on spike amplitude using a window Schmitt trigger, and confirmed by continuously monitoring the waveform of all active units by the use of a digital delay line and storage oscilloscope (Fig. 3, inset) . We have previously determined that ongoing activity recorded in this preparation originates exclusively from the DRG (Wall and Devor 1983) . Conduction velocity (CV) of the active axons was determined by dividing propagation distance from the Sl electrode (57 t 7 mm) by the response latency to single SI pulses. Often we also determined the number of silent axons in the microfilaments by gradually increasing stimulus current on the Sl electrode, and counting the number of all-or-none spikes recruited (see Devor and Govrin-Lippmann 1983 ) . On average, the microfilaments that we used contained 5.3 * 3.5 resolvable A-fibers and 3.1 * 4.2 C-fibers (mean * SD).
After recording a sample of baseline activity, we delivered stimulus trains alternately to the S2 electrode, to drive all A-fibers in the sciatic nerve except for those few in the recorded microfilament ( Fig. 1) ) and to the S3 electrode to drive pre-and hence postganglionic sympathetic efferents serving the hindlimb and its associated DRGs (see below). In each case we typically ran several repeat trials using standard tetanus parameters (20 or 50 Hz for 10 set), and several additional ones using a broader range of parameters (2-100 Hz for lo-40 s). Stimuli were photoelectrically isolated monophasic pulses (0.1 ms, 0.5-7 mA), delivered singly or in trains as noted.
In some experiments pharmacological agents were administered systemically via the carotid artery cannula. The diluent vehicle was sterile physiological saline, and delivery was in a 50-to 300-~1 bolus followed by a loo-p1 saline flush. Drugs used were adrenaline hydrochloride (0.5-2.0 pg), phentolamine methane sulphonate ( lo-50 pg, Regitine, Ciba), and propranolol hydrochloride (50 pg, Inderal, ICI). Ec@ivolume injections of saline alone had no effect. Changes in firing rate were monitored on-line, and the entire record was stored on magnetic tape. Statistical evaluations are based on two-tailed Student's t tests; all means are given *SD. Diagram of experimental set-up showing the arrangement of stimulating (S) and recording (R) electrodes. Cell bodies of most afferent neurons that project into sciatic nerve are situated in dorsal root ganglia (DRGs) L, and L,. Cell bodies of most postganglionic sympathetic neurons that project into sciatic nerve are situated in paravertebral ganglia L, and L, ( Baron et al. 1988) . Corresponding preganglionic neurons are situated mostly in spinal segments T 13 and L, , or L, and L, (Anderson et al. 1989) . R 1, electrode for recording afferent activity in microfilaments teased from sciatic nerve -30 mm proximal to neuroma. R2, electrode for monitoring postganglionic volley (elicited by S3 stimulation) from a branch of posterior or anterior biceps muscle nerve ( see Fig. 2 ) . S 1, stimulating electrode ( s ) on DRs L, and L, , used for identification of afferent axons. S2, electrode, placed -8 mm proximal to neuroma, used for stimulating neighboring afferent axons. S3, electrode on ventral roots (VRs) T13 and L, , T12 and T13, or L, and L,, used for stimulating preganglionic sympathetic axons. Crush, site at which sciatic nerve was crushed in some experiments. GR, gray ramus. WR, white ramus.
RESULTS
ARerents sampled
This report is based on recordings from 4 14 afferent neurons whose axons responded to stimulation of the L, or L, DR and that therefore had their cell somata in the corresponding DRG. Among these, 68 had spontaneous discharge, originating in the DRG, at the time they were first encountered. The remaining 346 neurons were silent.
All but one of the active neurons had an axon that conducted in the A-fiber range (30.0 t 12.6 m/s, range 7. Fig. 1 ). Top and bottom traces: recording from a biceps muscle nerve branch ( R2 in Fig. 1 ) while stimulating VRs (OS-ms pulse, supramaximal stimulus strength) ; top record, single stimulus pulses ( 5 superimposed traces) ; bottom record, 22-Hz stimulus train. Middle trace: recording of postganglionic activity in a microfilament teased from sciatic nerve (R 1 in Fig. 1 ) upon supramaxima1 single-pulse stimulation of VRs T 13 and L, .
were probably A-delta fibers, even taking into consideration retrograde slowing because of chronic axotomy (Devor and Govrin-Lippmann 1986) . CV of the C-fiber was 1.1 m/ sec. Discharge rate and pattern were similar to those observed previously for independent fiber samples (Devor and Wall 1990; Wall and Devor 1983) . Briefly, most of the active units (83%, including the C-fiber) fired slowly with an irregular interspike interval (isi, mean 5.1 t 3.8 imp/s, range 0. l-18.2 imp/s).
A minority ( 17%) either fired rhythmically (regular isi) and at much higher frequencies (mean 29.2 t 13.5 imp/s, range 10.5-52.6 imp/s), or in bursts of fast rhythmic firing separated by silent periods ( on / off pattern).
Activation ofsympathetic e&rents
In estimating the proportion of DRG neurons that respond to sympathetic (S3) stimulation it is essential to ensure that sympathetic efferents serving the DRG were indeed activated. Although care was taken in preparing the T 13 and L, VRs for stimulation, responses sometimes tended to fail as the experiment proceeded. To control for the activation of postganglionic neurons three responses were monitored (see METHODS).
First, single S3 pulses generally evoked an efferent volley that could be recorded at R2 (Fig. 2, top record) . The response latency was -lOO-120 msec (mean propagation distance = 78 t 6 mm), consistent with conduction over much of the distance from S3 to R2 in the unmyelinated postganglionic sympathetic fibers that serve the hindlimb. Repetitive stimulation of the preganglionic axons in the VRs at 5-50 Hz was faithfully followed by repetitive activation of the postganglionic neurons at the same frequency (Fig. 2, bottom record) . Second, stimulation of the preganglionic axons in the VRs often activated postganglionic axons in the recorded sciatic nerve microfilament (Fig. 2, middle record) . Third,-when the S3 electrodes were installed without obvious inadvertent damage to the VRs, tetanic S3 stimulation often caused a transient 20-to 40-mmHg increase in mean arterial pressure.
Unfortunately, although these controls provide a useful indication, they do not directly monitor activation of sympathetic postganglionic neurons serving the DRG. In principle, at least, it is possible to activate sympathetic efferents to the hindlimb but not those to the DRG. We, therefore, introduced an additional criterion. Specifically, we considered only those microfilaments in which at least one simultaneously recorded unit responded to S3 stimulation, or in which units in subsequently tested microfilaments responded.
Responses to sympathetic stimulation (S3 electrode)
Using these criteria, we determined that 67 spontaneously active DRG units with myelinated (A-) axons, and the one spontaneously active C-fiber, were unequivocally challenged with a sympathetic efferent barrage to the DRG. These occurred in microfilaments that, in addition, contained -346 silent afferents (206 A-fibers, 140 C-fibers). Unequivocal responses were obtained in 38 of the 68 spontaneously active units (56%, including the C-fiber). In addition, four of the silent A-fibers (2%), but none of the silent C-fibers, responded.
The most common response to S3 stimulation was excitation (26 out of 42 responding afferent units, 62%; neuron 1 in Figs. 3-5 ). This began well after the onset of the stimulation: never <5 s and in some cases as many as 50 s later (mean 14.3 t 8.9 s). Because tetani were usually 10 s in duration, in most cases firing frequency began to increase only after the tetanus had ended. It continued to rise even FIG. 3 . A: responses of afferent neurons with myelinated axons to electrical stimulation of neighboring sciatic nerve afferents (afferent, left side, S2 electrode in Fig. 1, 50 Hz stimulation for 10s stimulus strength maximal for myelinated fibers), and to stimulation of sympathetic preganglionic efferents in VRs T 13 and L, ( symp, right side, S3 electrode in Fig. 1, 20 Hz stimulation for 10s stimulus strength maximal for preganglionic axons). Activity was recorded simultaneously from axons of 3 neurons, each with spontaneous background activity. Neuron 1 exhibited weak cross-excitation to stimulation of neighboring afferents and strong sympathetic excitation followed by aftersuppression. Neuron 2 showed modest afferent cross-excitation and weak suppression to sympathetic stimulation. Neuron 3 exhibited strong afferent cross-excitation followed by aftersuppression, but was not affected by sympathetic stimulation. Inset: superimposed action potentials of neurons 1-3. B: increasing amplitude of response to sympathetic stimulation as stimulation frequency is increased from 10 through 20 to 50 Hz. Pauses of 160 and 130 s were allowed between successive trials.
after the stimulation had ceased, reaching a peak -lo-20 s after it began to rise. Firing rate then declined back toward baseline over an additional 20-30 s. In some neurons, particularly when response amplitude was large, firing rate fell briefly below baseline, or even ceased altogether, with a gradual subsequent recovery taking tens of seconds (Fig.  3A, neuron 1) . Four of the 26 units excited by sympathetic stimulation were initially silent. The response parameters to S3 stimulation in these four were the same as in the units with ongoing activity (neuron 1 in Figs. 4 and 5 ) .
In some of the responsive units ( 16 out of 42 units, including the C-fiber, 38%) firing frequency was transiently depressed without an initial excitation phase (neuron 2 in Figs. 3 and 5; neuron 3 in Fig. 4) . The time to onset of this response, and the rate of return to baseline, was as in cells that underwent excitation. In most fibers we ran several ( 2-8 ) repeat trials using identical stimulation parameters. Responses were consistent in polarity (excitation or suppression) and amplitude. Frequently several units were recorded simultaneously and they often exhibited responses of different polarity or no response (Figs. 3 and 4, right) . Four DRG units that were excited and three that were suppressed by S3 stimulation were challenged with at least three tetani of different frequencies within the range 2-100 Hz. The response magnitude always increased with increasing stimulation frequency (Fig. 3 B) . We never saw a response to single S3 stimulus pulses.
The response of DRG neurons to S3 stimulation did not depend on sympathetic-sensory interactions within the sciatic nerve end neuroma (Devor and J&rig 198 1). Thor- oughly crushing the nerve between the neuroma and the recording electrode ("crush" in Fig. 1 ) did not affect responses to S3 stimulation ( 3 experiments, Fig. 5 ).
Responses to stimulation of neighboring afirents (S2 electrode)
Tetanic stimulation of DRG neurons evokes asynchronous, nonephaptic cross-excitation of neighboring nonstimulated neurons that share the same DRG. This "DRG crossed afterdischarge" phenomenon was described previously in detail (Devor and Wall 1990; Utzschneider et al. 1992) . In the present study, we tested most neurons sampled for response to a tetanus (50 Hz, 10 s) delivered to the S2 electrode (Fig. 1) . This stimulation activates the axons of many DRG neurons but not the one recorded from, and is therefore suitable for evoking crossed afterdischarge.
Using this stimulus, we challenged 65 of the 68 spontaneously active DRG neurons that had been tested with sympathetic ( S3) stimuli. Crossed excitation responses were observed in 58 of them ( 89.2%)) depression of spontaneous activity was observed in 1 ( 1.5% ) , and no response was observed in 6 (9.2%, see Table 1 ). Two of the four silent afferents that were recruited by S3 stimulation were also activated by S2 stimulation (e.g., neuron 1 in Fig. 4) . The spontaneously active C-fiber was not activated by S2. There were no responses to single S2 stimulus pulses. Neither the occurrence nor the polarity (excitation vs. suppression) of S3 (sympathetic) responses correlated with responses to S2 stimulation.
Most of the possible response combinations were documented on at least one occasion ( Figs. 3 and 4 ; Table 1 ).
Phentolamine block
The aim of these experiments was to determine whether, as in nerve-end neuromas, sympathetic-sensory coupling in axotomized DRGs is mediated by cu-adrenoreceptors. After we established baseline responses to S2 and/or S3 stimulation, and in some cases also to systemically injected adrenaline (0.5, 1 .O, or 2.0 ,ug ia), animals were treated with the a-adrenoreceptor antagonist phentolamine ( 10, 20, 30, or 50 pg ia). The same S2, S3, and adrenaline challenges were then repeated (Figs. 6 and 7) . Depending on the dose used, phentolamine either much attenuated or completely blocked excitatory and suppressive responses to sympathetic ( S3) stimulation ( 7 units, including the active Cfiber). Responses to adrenaline were also eliminated or much reduced (8 experiments, including the active Cfiber). Propranolol ( 50 pg ia), a ,B-adrenoreceptor antagonist, had no effect on response to S3 stimulation or adrenaline ( 3 experiments).
Crossed afterdischarge responses to S2 tetani were generally unaffected by doses of phentolamine that totally abolished the response to S3 stimulation (9 units; Fig. 7 ). In two units S2 stimulation failed to evoke crossed afterdischarge after phentolamine administration, but in each case only a single trial was run, and we suspect the failure was due to causes other than the phentolamine. Fig. 1) . Insets a and b: activity in neuron 2 before and in neurons I and 2 after sympathetic stimulation (time periods of insets marked by bars a and b). Crushing sciatic nerve between S2 electrode and the neuroma (Fig. 1) did not block responses (compare A, left and right and Bl with B2). DISCUSSION We have shown that over one-half of the DRG neurons that develop ectopic spontaneous discharge after sciatic nerve injury respond to the activation of sympathetic postganglionic efferents that innervate the DRG. This response was excitatory in about two-thirds of the units, i.e., an increase in firing frequency, sometimes followed by after-suppression. However, in a significant minority of fibers, firing frequency was transiently reduced. Activity was also recruited in a small proportion of initially silent DRG neurons ( -22% of those with myelinated axons). Responses, whether excitatory or suppressive, began only after a substantial delay (usually lo-15 s) , and persisted for tens of set after the end of the stimulation. Both types of response were blocked by systemically applied phentolamine.
The most straightforward interpretation of our observations is that noradrenaline, released from sympathetic endings in the ganglion, affects the membrane potential and/ or All but one of the neurons had a myelinated axon. DRG, dorsal root ganglion. +, excitation; -, suppression; 0, no response. *One of these 2 units was a C-fiber. the repetitive firing properties of sensory neurons in their general neighborhood. Thus, as we previously proposed in relation to sympathetic-sensory coupling in injured axons (Devor and Janig 198 1 ), we anticipate a direct coupling mechanism where noradrenaline released from the sympathetic endings acts directly on neuronal a-adrenoreceptors. The delay to response is presumably occupied by diffusion of the sympathetic mediator from its site of release to its site of action, and by postreceptor intracellular signal transduction processes. Although this form of functional sympathetic-sensory coupling has not previously been appreciated, a likely structural substrate is available. Postganglionic sympathetic efferent fibers occur in DRGs. These mostly end in association with the local vasculature; only occasionally do noradrenergic terminals occur near the perimeter of the DRG neurons (Kummer et al. 1990; Lukas et al. 1970; Owman and Santini 1966; Quigg et al. 1990; Ru et al. 1990; Stevens et al. 1983) . However, in nerve-injured animals, the perivascular noradrenergic axons sprout in the DRG, greatly increasing the number of basketlike endings surrounding neuronal somata (McLachlan et al. 1993) .
It is likely that these perineuronal endings have a particularly important role as release sites for noradrenaline and perhaps for other mediators of sympathetic-sensory coupling. At least some DRG neuronal somata are known to be invested with a-adrenoreceptors whose activation by cyadrenergic agonists alters membrane conductances (for Ca*+ and K+ ions; Dunlap and Fischbach 1978, 198 1; Forscher and Oxford 1985; Holz et al. 1986; Marchetti et al. 1986; Wang et al. 1989) . Indeed, there is evidence that activation of a-1 receptors triggers depolarization, whereas activation of CU-2 receptors triggers hyperpolarization (Akasu Li et al. 1988) . Thus, if different DRG neurons bear different ratios of a-1 versus a-2 receptors, the opposing effects of their activation could account for our observation of sympathetic excitation in some DRG neurons and suppression in others.
Although we believe that the direct coupling mechanism that we have proposed is the most plausible, we hesitate to rule out entirely a role for various indirect coupling schemes such as the involvement of an intervening media- Fig. 1 ) and sympathetic preganglionic axons (symp, right, S3 in Fig. 1 ) both before (top) and after (bottom) intraarterial injection of phentolamine (50 pg). Phentolamine blocked response to sympathetic stimulation but not response to afferent stimulation.
tor (Levine et al. 1986 ), or response secondary to local vasoconstriction (Hotta et al. 199 1; but see Korenman and Devor 1981) .
A much higher proportion of DRG neurons with spontaneous ectopic discharge responded to sympathetic stimulation than neurons that were initially silent (56 vs. 2%, P < 0.00 1). This probably does not reflect a fundamental difference between these two cell populations, however, but rather a limitation in the teased-fiber recording method used. Sympathetic stimulation undoubtedly causes membrane de-or hyperpolarization in affected DRG neurons. In the presence of spontaneous discharge, small shifts in membrane potential (a few millivolts) in either direction are reflected in obvious changes in firing rate (Stein 1967) . In its absence, however, depolarization will trigger firing only if it is of large amplitude or if the cell is poised just below its threshold for repetitive firing, and hyperpolarization will never evoke firing (Matzner and Devor 1992; Stein 1967) . A similar observation of apparent selective response of spontaneously active neurons was made initially for the activation of DRG neurons by neighboring afferents (crossed afterdischarge; Devor and Wall 1990 ). More recently, however, intracellular recordings of membrane potential have shown that a large proportion of silent neurons, too, are influenced by spike activity in their neighbors (Utzschneider et al. 1992 ).
More than one-half of the spontaneously active DRG neurons with axonal CV in the A-fiber range, as well as the one active C-fiber, responded to-postganglionic sympathetic efferent activity. Also in neuromas, both active A-and C-fibers are responsive (Devor and Janig 198 1; Habler et al. 1987; see Janig 1988) . On the other hand, many silent C-fibers were present in the microfilaments sampled ( -140); and, although these were subjected to S3 stimulus trains along with the A-fibers, none was recruited. If DRG neurons with A-and C-axons were equally responsive, we would have expected two or three C-units to be recruited (2% of 140). The failure to observe any might, or course, simply have been a matter of chance. On the other hand, it might hint that DRG C-neurons are less responsive to sympathetic activation than A-neurons. This is clearly the case for cross-excitation by neighboring afferents (Devor and Wall 1990 ; also see Amir and Devor 1992) . Indeed, it might be anticipated from recent histological data that show that, after ligation and section of the sciatic nerve, noradrenergic fibers sprout preferentially around large-diameter sensory somata in the DRG (McLachlan et al. 1993) . Be that as it may, a functional role for sympatheticsensory interaction in neuropathic pain does not depend on the activation of C-fibers. First, A-6 fibers were clearly activated. Second, in the presence of central sensitization, pain may also be evoked by activity in afferent A-P fibers (e.g., Campbell et al. 1988; Willis 1992; Woolf et al. 1992) .
Most spontaneously active DRG neurons also responded to activation of neighboring DRG neurons (S2 stimulation, DRG crossed afterdischarge, Devor and Wall 1990) . Although sensory-sensory and sympathetic-sensory cross-excitation in DRGs have some common features, the coupling mechanisms appear to be quite different, and the presence of one form of coupling does not necessarily predict the likelihood or polarity of the other. Specifically, response to S2 stimulation began much earlier than response to S3 stimulation ( < 1 vs. lo-15 s), was excitatory in a larger proportion of responsive neurons ( 89 vs. 62%), and was not blocked by the a-adrenoreceptor antagonist phentolamine. Furthermore, the responses to S2 and S3 stimulation were qualitatively different in a proportion of the neurons (Table 1) .
All of the data included in this report are from rats that had undergone section and ligation of the sciatic nerve. Hence, 50-60% of neurons in the corresponding DRGs (L, and L5) underwent axotomy (Devor et al. 1985 ) . Preliminary results from a similar investigation of intact (control) rats indicate that nonaxotomized DRG cells are only weakly responsive, if at all, to S3 stimulation (unpublished observations). Nevertheless we consider it premature to conclude whether this novel sympathetic-sensory coupling phenomenon is a de novo event triggered by the nerve injury or is also a characteristic of normal DRG neurons and merely augmented by axotomy.
There are several modes whereby nerve injury may augment sympathetic effects on DRG discharge. For example, axotomy is known to increase the prevalence of DRG neurons with ongoing discharge (Burchiel 1984; De Santis and Duckworth 1982; Kajander et al. 1992; Wall and Devor 1983) . Because, as we have shown, spontaneously active neurons are much more likely to respond to sympathetic outflow with a change in firing rate than are previously silent ones, this effect should substantially increase the impact of sympathetic activity on the ectopic afferent barrage impinging on the CNS. Another factor is the fact that sciatic nerve injury triggers the sprouting of sympathetic efferents in basketlike endings around DRG neurons (McLachlan et al. 1993 ) . Additional, more speculative, modes are also possible. For example, axotomy might upregulate the expression of a-adrenoreceptor genes in DRG neurons as it does for a number of other macromolecules (e.g., Tohyama et al. 1991) .
In the clinical setting there is a range of severely debilitating chronic pain conditions in which sympathetic efferent activity is thought to be a critical factor (see Bonica 1990; Janig 1990; Janig and Schmidt 1992) . We have proposed that the underlying mechanism in these conditions is sympathetic activation of afferent nerve endings, both near the site of injury and in the skin, that have become abnormally sensitive to u+adrenoreceptor stimulation (Devor and Janig 198 1; Janig and Koltzenburg 199 1, 1992) . In light of the present results, we conclude that sympathetic-sensory coupling within the DRG may likewise have a role in sympathetic-related dysesthesias and neuropathic pain. This role could be twofold. First, sympathetic efferent activity could increase the level of ongoing activity, and hence sensation, originating in the DRG. Second, even if the sympathetic activity were insufficient to evoke afferent action potentials directly, it might boost the excitability of DRG neurons (e.g., by evoking a subthreshold depolarization)
to a level where cross-excitation by activity in neighboring afferents, or direct mechanical stimulation due to spinal manipulation, might become excitatory.
